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bjectives This study provides insights into “crush” coronary bifurcation stenting through imaging
f bench deployments.
ackground Although the strategy of provisional side-branch stenting is widely accepted for suit-
ble bifurcation lesions, there is no consensus on the best option for elective stenting with 2 stents.
he crush technique has the potential to scaffold and apply the drug to the side-branch ostium
here restenosis is most common.
ethods Sequential steps of crush stent deployment and post-dilation were undertaken in silicone
hantoms and recorded on cine angiography and microcomputed tomography. We assessed the
ffect of deployment strategies, post-dilation strategies, and cell size on side-branch ostial area.
esults Side-branch ostial coverage by metal struts was 53% (95% conﬁdence interval [CI]: 46 to
9) after 1-step kissing post-dilation and was reduced by 2-step kissing post-dilation to 33% (95%
I: 28 to 37; p  0.0001). Although the residual stenosis after the classical crush strategy was 47%
95% CI: 39 to 53), it was 36% (95% CI: 31 to 40; p  0.002) after mini-crush deployment. Stents
ith larger cell size (3.5 mm diameter) had a residual stenosis of 37% (95% CI: 32 to 42) after
rush deployment that was less than the residual stenosis for stents with smaller cell size (52%; 95%
I: 44 to 60; p  0.0001).
onclusions Side-branch ostial stenosis after crush stenting was minimized by mini-crush deploy-
ent, 2-step kissing post-dilation, and the use of stents with larger cell size. It is unknown if opti-
izing stent deployment at bifurcation lesions will reduce clinical stent thrombosis and restenosis.
J Am Coll Cardiol Intv 2008;1:351–7) © 2008 by the American College of Cardiology Foundation
rom Mercy Angiography, Mercy Hospital, Auckland, New Zealand. Supported by the Auckland Heart Group Charitable Trust,
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ith clinical trials funded by these stent manufacturers. Dr. John Ormiston serves on the advisory boards of Boston Scientific,
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352ercutaneous treatment of coronary bifurcations is a chal-
enge for interventional cardiology. Drug-eluting stents
DES) reduce restenosis in coronary bifurcation lesions
ompared with historical bare metal stent controls (1). The
reatment strategy of provisional side-branch (SB) stenting
here the main branch (MB) is stented, and the SB is
tented only if necessary, is widely employed because out-
omes are better with 1 DES than 2 (1,2). However, if the
B is large and has disease extending beyond the vessel
stium, 2 stents are usually needed (3,4), but there is no
onsensus on the best technique. The “crush” procedure was
ntroduced to optimize scaffolding and drug application to
he SB ostium, a common site for restenosis (1,5,6).
This report describes the use of bench imaging to provide
nsights into the strengths and limitations of the crush
echnique (7–9) by comparing various deployment and
ost-dilation strategies.
ethods and Materials
or this bench study, silicone phantoms were constructed
ith angles between the MB and SB of 30°, 60°, or 90°. The
B diameter was 3.5 mm tapering to 3.0 mm, and the SB
diameter was 3.0 mm. The
stents evaluated were Cypher
Select (Cordis, Miami Lakes,
Florida), CoStar and Nevo stent
(Conor Medical, Menlo Park,
California), Driver/Endeavor
(Medtronic, Santa Rosa, Cali-
fornia), Liberté (Boston Scien-
ific, Natick, Massachusetts), and Vision (Abbott Vascular,
anta Clara, California).
Following deployment, the stents were imaged using
icro-computed tomography (CT) (SkyScan 1172, Sky-
can, Belgium). The CT images obtained were manipulated
lectronically allowing image rotation, electronic dissection,
nd “fly through” so that stents could be examined from
ifferent perspectives and confusing overlying struts could
e removed to demonstrate adequacy of stent deployment.
n total, 58 deployment procedures (116 stents) were
maged.
Figure 1 shows the radiographic images of stents de-
loyed in silicone phantoms using the classical crush stent-
ng strategy and 1-step post-dilation. Mini-crush with
-step kissing post-dilation is shown in Figure 2.
We used a planimeter (Fig. 3) to measure the area of the
ide branch ostium (A1) and the area free of struts (A2) and
alculated the percentage area stenosis ([A1  A2] / A1 
00%) to assess aspects of crush stenting. Three aspects of
rush stenting were evaluated. “Classical crush” (Fig. 1),
here approximately one-third of the length of the SB stent
s crushed, was compared with “mini-crush” (Fig. 2), where
bbreviations
nd Acronyms
T  computed tomography
ES  drug-eluting stent(s)
B  main branch
B  side branchnly the very proximal end of the SB stent is crushed. rOne-step post-dilation,” where a single simultaneous kiss-
ng balloon post-dilation was performed, was compared
ith “2-step post-dilation,” where a high pressure balloon
ost-dilation was performed in the SB followed by simul-
aneous kissing inflation. Stents with a small cell size (3.5
m diameter) (10) had more coverage of the SB ostium by
truts after post-dilation than stents with a larger cell size.
The null hypothesis that the SB stenoses for the
ifferent stenting strategies, post-dilation strategies, and
tent cell size were the same was tested by analysis of
ariance. The post hoc Tukey honestly significant differ-
nce test was applied to correct for type I errors in the
ultiple comparisons. The Shapiro-Wilks test was used
o check the normality of the residuals. Equal variance
ests were applied.
Reproducibility was tested by having the same technician,
ho was blinded to the first measurement, repeat the
Figure 1. Classical Crush Bifurcation Stenting and 1-Step Kissing
Post-Dilation in a Silicone Phantom Through an 8-F Guide
A stent is positioned in the SB with about one-third of its length protrud-
ing into the main branch (MB) (A, arrows) and another stent is positioned
in the MB. The side-branch (SB) stent is deployed (B and C) and if angiog-
raphy shows no downstream dissection, the SB balloon and wire are
removed. The MB stent is deployed, crushing that portion of the SB stent
lying in the MB (D and E). Post-dilation is with simultaneous inﬂation of a
SB and a MB balloon (kissing balloons) typically to about 8 to 10 atm (F).
The balloon diameters for kissing post-dilation should be sized to each
downstream branch vessel diameter. Final angiography is shown in G
and H.econstruction and ostial measurements. A Bland-Altman
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353lot was generated, and Pearson correlation was used to
uantify reliability.
esults
o confirm reproducibility of measurements, a Bland-
ltman plot showed high intra-operator agreement with a
orrelation coefficient for the 2 measurements of 0.90 (p 
.001) and a difference between the 2 measurements that
as not significantly apart from 0 (mean difference 0.3 
.2, p  0.9).
After crush stenting and before post-dilation, the SB is
jailed” by 2 layers of struts covering the SB ostium and
eparating the MB from the SB (Fig. 4). Conventional
-step kissing balloon post-dilation partially cleared struts
rom the SB ostium but left some residual metallic stenosis.
his was not apparent on angiography (Fig. 4), nor was it
isible on the bench when magnified images of the stents
ere viewed from the side. Two-step kissing post-dilation
ignificantly improved the SB lumen compared with 1-step
Table 1) reducing the residual area stenosis from 53% (95%
Figure 2. Mini-Crush Stenting With 2-Step Kissing Balloon Post-Dilation
in a Phantom Through an 8-F Guide
Mini-crush differs from classical crush in that the proximal end of the SB
stent is positioned adjacent to the proximal end of the SB ostium (A,
arrow) so that a minimal length of SB stent is crushed (B to D). Two-step
kissing involves ﬁrst a high pressure (20 atm) post-dilation of the SB
ostium with a noncompliant balloon 0.25 mm smaller in diameter than
nominal SB diameter (F), and then the ﬁnal kissing balloon post-dilation
typically at 8 to 10 atm to correct any stent distortion (G). Abbreviation as
in Figure 1.onfidence interval [CI]: 46 to 59) to 33% (95% CI: 28 to7; p  0.0001). This is depicted in Figure 5. The residual
tenosis of 36% (95% CI: 31 to 40) after the mini-crush
eployment strategy was less than the residual stenosis after
he classical crush strategy (47%; 95% CI: 39 to 53; p 
.002). Stents with larger cell size (3.5 mm diameter) had
ess residual stenosis (37%; 95% CI: 32 to 42) after kissing
ost-dilation (Table 1) than those with smaller cell size
here residual stenosis was 52% (95% CI: 44 to 60; p 
.0001).
Following classical crush deployment, the 2 layers of
rushed SB stent in addition to a layer of MB struts form 3
ayers of struts (Fig. 6). The orientation of the layers of the
rushed SB stent in relation to the MB stent is unpredict-
ble so that by chance they may lie adjacent to the MB stent
n line with the orientation of the SB stent or may be
rapped around either side of the MB stent. The length of
ultiple layering depends on how much of the SB stent
rotruded into the MB before crushing. There is potential
or minimal overlapping of struts with mini-crush deploy-
ent (Fig. 6).
We have observed that gaps in stent coverage (and thus in
caffolding and drug application) sometimes occur with
issing balloon post-dilation after crush deployment (Fig. 7)
nd are found with all designs. They occur in the SB stent
sually on the side of the stent opposite to the crushed
ortion. They are caused by the post-dilating balloon
ollowing a SB wire that has exited the MB stent and
e-entered the SB stent after a course outside the stents
Fig. 7). Inflation of this balloon pushes struts aside. Gaps
re most common with classical crush and less common
ith mini-crush.
Figure 3. Ostial Area Stenosis
Planimetery of the side-branch ostial area (A) and lumen area (B) for calcu-
lation of area stenosis for these Liberté stents (Boston Scientiﬁc, Natick,
Massachusetts).
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(F, arrow). Abbreviations as in Figure 1.
stents by Abbott Vascular (Santa Clara, California).
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354iscussion
his study used conventional cineangiography and
icro-CT to image 6 different stent designs deployed in
ilicone phantoms at 3 different SB angles, using 2 different
rush stenting strategies (classical crush, mini-crush) and 2
ost-dilation strategies (1- and 2-step kissing balloon post-
ilation).
The major findings of this study are:
. Before kissing balloon post-dilation, 2 layers of stent
strut separated the MB from the SB.
. After 1-step kissing balloon post-dilation, struts were
partially cleared from the SB ostium but there was
residual strut coverage causing narrowing that was not
visible on angiography or when the stent was viewed
from its side.
. 2-step kissing post-dilation further reduced the ostial SB
strut coverage.
. Stents with potential cell sizes that are greater than 3.5
mm in diameter had less residual stenosis after crush
stenting than stents with smaller cell sizes.
. Gaps in strut scaffolding and drug application that are
sometimes found at the SB ostium occur after post-
h Mini-Crush With Minimal Strut Overlap
h and Vision stents (Abbott Vascular, Abbott Park, Illinois) (lower panels)
en line in panels B and E. The electronically cut stents were opened out
, arrow) has wrapped around 1 side of the MB stent forming 3 layers of
de. After mini-crush, in contrast, there is minimal multiple layering of strutsFigure 4. Classical Crush Stenting With Multiple Layers of Struts Compared Wit
Driver stents (Medtronic, Minneapolis, Minnesota) (upper panels) after classical crus
after mini-crush have been cut electronically along the planes indicated by the brok
(panels A, C, D, and F). After classical crush, the crushed portion of the SB stent (C
struts (C, arrow). By chance, it may have wrapped around the opposite or inferior siTable 1. The Side-Branch Ostial Percentage Area Stenosis Following
Different Deployment Strategies
Side-Branch Ostial %
Area Stenosis
n Mean (95% CI) p Value
Deployment strategy
Classical crush 32 47 (39–53)
Mini-crush 26 36 (31–40) 0.002
Post-dilation strategy
1-step kissing 26 53 (46–59)
2-step kissing 32 33 (28–37) 0.0001
Stent cell size*
3.5  3.5 mm 18 52 (44–60)
3.5  3.5 mm 40 37 (32–42) 0.0001
*See Reference 10. Stent designs used for strategies (n pairs of stents): Classical crush: CoStar (3),
Cypher (5), Cypher Select (1), Driver/Endeavor (10), Express (1), Liberté (7), Nevo (0), Vision (3);
Mini-crush: CoStar (0), Cypher (0), Cypher Select (9), Driver/Endeavor (2), Express (0), Liberté (1),
Nevo (3), Vision (13); 1-step kissing: CoStar (3), Cypher (2), Cypher Select (4), Driver/Endeavor (5),
Express (0), Liberté (5), Nevo (0), Vision (7); 2-step kissing: CoStar (0), Cypher (3), Cypher Select (6),
Driver/Endeavor (7), Express (1), Liberté (3), Nevo (3), Vision (9). CoStar and Nevo stents were
manufacturedbyConorMedsystems (Menlo Park, California); Cypher andCypher Select stents by
Cordis Corporation (Miami Lakes, Florida); Driver andEndeavor stents byMedtronic (Minneapolis,
Minnesota); Express and Liberté stents by Boston Scientific (Natick, Massachusetts); and Visiondilation. They are most common following classical
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355crush and less common after mini-crush. They were
found with all stent designs.
Limitations of our previous photographic technique (6,7)
ere that stents could not be imaged in an opaque phantom,
nd we deployed them in a trough in a rigid investigator
esigned Perspex block. Silicone phantoms better mimic a
oronary bifurcation, but are insufficiently translucent for
ood quality conventional photographic imaging but are
uitable for CT imaging as they are radiolucent.
Restenosis after classical crush stenting is most commonly
ocal and located at the SB ostium and still occurs after
-step kissing post-dilation (11–13). An intravascular ultra-
ound study of classical crush and 1-step kissing post-
ilation (11) found stent underexpansion, unsuspected on
ngiography, in 60% of cases. The Costa et al. (11)
uggestion that stent underexpansion may be the dominant
echanism of restenosis with DES is consistent with our
ench results. Although 2-step kissing post-dilation im-
roves SB ostial stenosis on the bench, it is unknown
Figure 5. Crush Stenting and Side-Branch “Jail” Before and After 1-Step Ki
Stent struts opposite the SB ostium have been removed electronically (A) to a
dis Corporation, Miami Lakes, Florida). Before kissing post-dilation, there are 2
ventional 1-step kissing balloon post-dilation (C) partially clears the struts sepa
residual metallic stenosis is not visible on angiography (E and F), nor is it visib
stent designs at all angles tested after classical crush and 1-step kissing. Abbrehether this translates into improved clinical outcomes. dThe gaps in strut scaffolding and drug application that
ay occur at the SB ostium after post-dilation are less
ommon with mini-crush techniques. Gaps may be caused
y the post-dilating balloon following a SB wire that has
xited the MB stent and re-entered the SB stent after a
ourse outside the stents (Fig. 7). Gaps potentially reduce
caffolding and drug application and therefore may contrib-
te to restenosis. Paradoxically, even though the kissing
ost-dilation of a single MB stent produces the best
caffolding of the SB ostium if the wire crosses into the SB
istally in the SB ostium (14), the reverse is true after crush
tenting, where distal crossing is more likely to result in
aps. With current techniques, the operator has little
ontrol over where the wire crosses into the SB after crush
tenting and therefore has minimal control over gap
ormation.
Stent thrombosis rates by 9-month follow-up are higher
fter classical crush stenting than after simple stenting, and
he incidence was not reduced with 1-step kissing post-
Post-Dilation
lear viewing of the SB ostium (B and D) for these Cypher Select stents (Cor-
of stent struts separating the MB stent lumen from the SB lumen (B). Con-
MB from SB but residual struts overlie the SB ostium (D, arrow). This
en the stent is viewed on the bench from its side (E). It was present with all
ns as in Figure 1.ssing
llow c
layers
rating
le whilation, although reported patient numbers were small
(12,13). One-step kissing post-dilation leaves considerable
residual metallic stenosis that may predispose to thrombosis
because of eddy currents, stasis, altered shear stress, and
foreign body presence. Whether 2-step kissing post-dilation
will reduce stent thrombosis by improving SB ostial stenosis
is unknown.
Classical crush stenting may also be predisposed to stent
thrombosis because of the multiple layering of stent struts.
Overlapping of DES is associated with reduced endotheli-
alization of struts in preclinical studies (15) and reduced
tissue coverage in humans (16). Mini-crush variations of
classical crush (Figs. 1 to 3), limit multiple layering of stent
Figure 6. Two-Step Kissing Balloon Post-Dilation Further Improves the SB Ostium
Stent struts opposite the SB ostium have been removed electronically (A) to allow clear viewing of the SB ostium for these Driver stents. The double layer of
stents before post-dilation (B) are partially cleared from the SB ostium by 1-step kissing post-dilation (C) and more fully cleared by 2-step kissing post-dilation
(D). See Online Videos 1, 2, and 3. Abbreviations as in Figure 1.
Figure 7. Gaps in Stent Scaffolding and Drug Application Sometimes Occur With Post-Dilation After Crush Bifurcation Stenting
When stents are crushed, especially with classical crush and before kissing post-dilation, there is a “V-shaped” trough between the MB and SB stents on the
opposite side to the crushed portion (left panel, B). In this ﬁgure, by chance, a wire from the MB lumen (A) has passed outside the stents through the trough
(B) before entering the SB stent (C). The post-dilating balloon following this wire will have a short course outside both stents. Upon balloon inﬂation, the stent
strut or struts on the luminal side of the wire will be pushed out of position causing a gap in stent scaffolding (open arrow, lower right panel). Vision stents
were used for this deployment. See Online Video 4. Abbreviations as in Figure 1.
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357truts (Fig. 5) and may be associated with more complete
ndothelialization.
Crush stenting is simple and quick. Recrossing the
rushed stent for kissing post-dilation, the most difficult
art of the procedure, is technically easier with mini-crush
han with classical crush.
Other 2-stent bifurcation stenting techniques have strengths
nd weaknesses. Although “T” stenting can be performed
hrough a 6-F guide, there are gaps in metal coverage and drug
pplication at the SB ostium especially in shallow angles (1). At
0° angled bifurcations, “T” stenting and mini-crush stenting
an be identical. Culotte stenting (10) is technically more
ifficult and is associated with double layering of stent struts,
ut it can be performed through a 6-F guide. The simulta-
eous kissing stent technique is simple and quick, requires an
-F guide, and produces a metallic septum upstream from the
ifurcation that may be predisposed to stent thrombosis (17).
V” stenting is a variation of simultaneous kissing stent
echnique but with minimal stent overlap. It is appropriate for
 limited range of stenoses (Medina classification 0,1,1) (18),
nd if an upstream dissection occurs, this is difficult to manage.
Y” stenting (19) has the potential to cover the bifurcation
ithout gaps but uses 3 DES and requires an 8-F guide.
tudy limitations. Bench deployments can never exactly
epresent clinical situations although silicone phantoms are
n improvement over rigid Perspex phantoms. Micro-CT
maging and reconstruction provide previously unobtainable
isualization of stents in bifurcations, but are time-
onsuming and expensive. We have not evaluated every
ariation of crush bifurcation stenting, such as the “internal”
or reverse crush) technique (6).
onclusions
n conclusion, bench deployments provide unique insights
nto crush bifurcation stenting and post-dilation strategies
6,10 –12). Clinical studies with long-term outcomes are
eeded to determine if these in vitro observations are
linically important.
eprint requests and correspondence: Dr. John A. Ormiston,
ercy Angiography, P.O. Box 9911, Newmarket, Auckland, New
ealand. E-mail: johno@mercyangiography.co.nz.
EFERENCES
1. Colombo A, Moses J, Morice MC, et al. The randomized study to
evaluate sirolimus-eluting stents implanted in coronary bifurcation
lesions. Circulation 2004;109:1244–9.2. Steigen TK, Maeng M, WisethR, et al.on behalf of the Nordic PCI
Study Group, Randomized study of simple versus complex stenting of acoronary artery bifurcation lesions: the Nordic bifurcation study.
Circulation. 2006;114:1955–61.
3. Thomas M, Hildick-Smith D, Louvard Y, et al. Percutaneous coronary
intervention for bifurcation disease. A consensus view from the first
meeting of the European Bifurcation Club. Eurointerv 2006;2:149–53.
4. Niemela M, Kervinen K, ErglisA, , et al., on behalf of the Nordic PCI
Study Group. Nordic Bifurcation Study II. A randomized study of
crush vs. culotte stent techniques with sirolimus eluting stents in
bifurcation lesions. Paper presented at the Transcatheter Therapeutics
Meeting,October 20–25, 2007; Washington, DC. Available at: http://
www.TCTMD.com. Accessed December 11, 2007.
5. Colombo A, Stankovic G, Orlic D, et al. Modified T-stenting with
crushing for bifurcation lesions: immediate results and 30-day outcome.
Catheter Cardiovasc Interv 2003;60:145–51.
6. Ormiston JA, Currie E, Webster MWI, et al. Drug-eluting stents for
coronary bifurcations: insights into the “crush” technique. Catheter
Cardiovasc Interv 2004;63:332–6.
7. Ormiston JA, Webster MWI, Ruygrok PN, et al. Stent deformation
following simulated side-branch dilatation. A comparison of five stent
designs. Catheter Cardiovasc Interv 1999;47:258–64.
8. Lim PO, Dzavick V. Balloon crush: treatment of bifurcation lesions
using the crush technique as adapted for transradial approach of
percutaneous coronary intervention. Catheter Cardiovasc Interv 2004;
63:412–6.
9. Galassi AR, Colombo A, Buchbinder M, et al. Long-term outcomes of
bifurcation lesions with the “mini-crush technique.” Catheter Cardio-
vasc Interv 2007;69:976–83.
0. Ormiston JA, Webster MWI, El Jack S, et al. Drug-eluting stents for
coronary bifurcations: bench-testing of provisional side-branch strate-
gies. Catheter Cardiovasc Interv 2006;67:49–55.
1. Costa RA, Mintz GS, Carlier SG, et al. Bifurcation coronary lesions
treated with the “crush” technique. An intravascular ultrasound analy-
sis. J Am Coll Cardiol 2005;46:599–605.
2. Hoye A, Iakovou I, Ge L, et al. Long-term outcomes after stenting of
bifurcations with the “crush” technique. J Am Coll Cardiol 2006;47:
1949–58.
3. Ge L, Airoldi F, Iakovou I, et al. Clinical and angiographic outcome
after implantation of drug-eluting stents in bifurcation lesions with the
crush stent technique. Importance of final kissing balloon post-
dilatation. J Am Coll Cardiol 2005;46:613–20.
4. Lefevre T, Louvard Y, Morice MC, et al. Stenting of bifurcation
lesions: classification, treatments, and results. Catheter Cardiovasc
Interv 2000;49:274–83.
5. Finn AV, Kologie FD, Harnek J, et al. Differential response of delayed
healing and persistent inflammation at sites of overlapping sirolimus-
or paclitaxel-eluting stents. Circulation 2005;112:270–8.
6. Awata M, Kotani J-I, Iida O, et al. Serial angioscopic evidence of
incomplete neointimal coverage after sirolimus-eluting stent implanta-
tions: comparison with bare-metal stents. Circulation 2007;116:910–6.
7. Sharma SK, Choudhury A, Lee J, et al. Simultaneous kissing stents
technique for treating bifurcation lesions in medium-to-large size
coronary arteries. Am J Cardiol 2004;94:913–7.
8. Medina A, Surez de Lezo J, Pan M. A new classification of coronary
bifurcation lesions. Rev Esp Cardiol 2006;59:183–4.
9. Helqvist S, Jorgensen E, Kelbaek H, et al. Percutaneous treatment of
coronary bifurcations: a novel “extended Y” technique with complete
lesion stent coverage. Heart 2006;92:981–2.
ey Words: coronary bifurcations  stents  crush stent-
ng  bench testing  bifurcation stenting.
APPENDIX
or accompanying Video 1, Video 2, Video 3, and Video 4, and their
ccompanying legends, please see the online version of this article.
